The purpose of this study is to provide a new approach for detection using bio-impedance. This impedance is measured by the four-electrode method. As the impedance changes resulting from ankle, knee, and hip movements depended heavily on electrode placement, we determined the optimal electrode configurations for those movements by searching for high correlation coefficients, large impedance changes, and minimum interferences in ten subjects (Age: 20±4). Our optimal electrode configurations showed very strong relationships between the ankle joint angle and ankle impedance (γ = −0.913 ± 0.03), between the knee joint angle and knee impedance (γ = 0.944±0.02), and between the hip joint angle and hip impedance (γ = 0.823 ± 0.08). This study showed the possibility that lower leg movement could be easily measured by impedance measurement system with two pairs of skin-electrodes.
Introduction
In conventional methods for measurement of body movement, the types of equipment that have been employed include the electrogoniometer, the electromyography, the camera and video camera. Each piece of equipment has unique advantages, but there are some problems related to each piece of equipment [1] - [5] . Goniometry has been widely used to analyze human movement, but although goniometry is accurate and simple way of measuring the angular change of systems with one degree of freedom, it is inappropriate for detecting fast or complex movements with multiple degrees of freedom [6] . It is difficult to determine kinetic parameters because EMG signals are not proportional to the associated movement [5] . In analyzing camera and video information, the data from a camera can not be quickly processed, because it is necessary to develop film, a video analyzer which is high in cost and not simple, is needed. The measurement space of the video camera is limited. Using a constructed four-channel impedance system, we measured the impedance changes resulting from ankle, knee, and hip joint movements, and determined optimal electrode configurations by examining: (1) correlations between changes in impedance and joint angle, (2) magnitudes of impedance changes, (3) interferences from unwanted movements. 
Materials and Methods
A four-channel impedance measurement system including an one-channel electrogoniometer was built for this study.
The voltage-to-current converter generated a constant current of 300 µA at 50 kHz. Disposable Ag-AgCl (RedDot, 3 M, USA) electrodes of 10 mm diameter were used and a four-electrode system was adopted to reduce the effect of polarization impedance [7] - [9] . The examined movements were extensions and flexions of the ankle, knee, and hip. Impedance changes resulting from leg movements are largely determined by muscle and blood volume changes and electrode positions [6] - [11] . Therefore, optimal electrode positions were investigated to ensure that impedance changes reflected movements of the ankle, knee, and hip well. Ankle movements are usually related to the tibialis anterior and the gastrocnemius, and knee movements are primarily related to the biceps femoris and the quadriceps, and hip movements are related to the rectus femoris and biceps femoris [12] . Fourteen voltage and two current electrodes were attached to the leg, as shown in Fig. 1 . "H" and "W" are distances between the medial epicondyle of the talorural artic- Copyright c 2005 The Institute of Electronics, Information and Communication Engineers ulation and femur, and between the medial epicondyle of the femur and the hip bone, respectively [12] , [13] .
To measure ankle movement, the possible total number of pairs of the six voltage electrodes (1 through 6) was 15 ( 6 C 2 = 6 × 5/2). However, there were only 12 pairs of useful voltage electrodes, as three pairs, (1-2), (3) (4) , and (5-6), were directed roughly normal to the current flow. Among the 12 pairs, an optimal electrode pair was selected for measuring ankle movements based on the criteria that will be discussed next. For measuring knee movement, the possible total number of pairs of the ten voltage electrodes (5 through 14) was 45 ( 10 C 2 = 10 × 9/2), and there were 32 pairs of useful voltage electrodes, excluding the 13 pairs mentioned above. For measuring hip movement, the possible total number of pairs of the eight voltage electrodes (7 through 14) was 28 ( 8 C 2 = 8 × 7/2), and there were 16 pairs of useful voltage electrodes, excluding the 12 pairs mentioned above.
Optimal electrode pairs were determined by using the following criteria: (1) a high correlation coefficient between impedance and joint angle, (2) high SNR (signal to noise ratio) of impedance changes, where the signal is the magnitude of the impedance change and noise is the impedance change resulting from the interferences mentioned below.
The correlation coefficient of ankle movement was obtained from the ankle joint angle data using electrogoniometer, and that of the knee movement was obtained from the knee joint angle data using electrogoniometer and the knee impedance. Three kinds of interferences were examined as shown in stages I through IV. For ankle movement, "Interference I" was defined as the influence of knee flexion/extension, "Interference II" as the influence of hip extension and flexion, "Interference III" as the influences of hip rotation. For knee movement, "Interference I" was defined as the influence of ankle extension/flexion, "Interference II" was defined as the influence of hip flexion/extension, "Interference III" was defined as the influence of hip rotation. For hip movement, "Interference I" was defined as the influence of ankle flexion/extension, "Interference II" was defined as the influence of knee flexion/extension, "Interference III" was defined as the influence of hip rotation.
As both absolute impedance changes (signal) and interferences (noise) differ for individuals, SNR was adopted. SNR I-III were defined as the ratios of the magnitudes of impedance changes to those of "Interferences I-III", respectively.
The correlation coefficients, impedance changes, and SNRs were obtained from ten subjects (age 20 ± 4 years; eight males and two females), and the optimal electrode configuration was determined by the following method. The final score was obtained by adding the rankings of these four criteria, except the "Impedance change" because the impedance change was already considered in SNR, and the electrode pair with the smallest score was chosen as the optimal pair.
With the determined optimal electrode configurations for ankle, knee, and hip movements, the reproducibility of the impedance changes due to these movements was obtained by measuring five subjects, five times each by two persons over two days. Reproducibility was calculated by dividing the standard deviation by the mean impedance change.
Results and Discussion

Ankle Movements
Figure 2 (a) shows ankle joint angle measured by the electrogoniometer. Figures 2 (b) and 2 (c) show the impedance change waveforms of the ankle using the electrode pair (2-5) and (1-4) , respectively. The sequence of movements involved in Fig. 2 It should be noted that the impedances of the electrode pair (2-5) changed to the negative direction when the ankle moved from extension to flexion, as shown in stage I of Fig. 2 (b) . This decrease is thought to be due to the increased cross-sectional area of the extensor and flexor tibialis anterior muscles resulting from their elongated length.
The "Correlation coefficient", and "SNR I" -"SNR III" were ranked in descending order, respectively, as shown in Tables 1, 2 , and 3. Table 1 shows the impedance changes, correlation coefficients, and SNR I-III including the scores of ten subjects. The "Score" in the sixth column was obtained by summing the ranks of the correlation coefficient, SNR I, SNR II, and SNR III.
For ankle movement, the electrode pair (2-5) was determined to be optimal because it had the lowest score of 11. This pair was best in terms of correlation coefficient, the third best for SNR I, the fifth best for SNR II and the second best for SNR III. Of the three kinds of interference, the influence of knee movement on the ankle impedance (Interference I) was the largest for the measurement of ankle movement because its SNR (SNR I) was the lowest.
The correlation coefficient between the ankle angle and the ankle impedance of the subject was −0.913 (regression equation: y = −0.0368x + 24.18). The reproducibility of ankle impedance was 5.4 ± 1.6% using the optimal electrode pair (2-5). Figure 3 shows the angle and the impedance changes for knee movement for a 24-year-old male. Figure 3 (a) shows knee joint angle measured by the electrogoniometer and Figs. 3 (b) and 3 (c) show the impedance waveforms of the knee using the electrode pair (6, 10) and (6, 8) , respectively. The sequence of movements involved in Fig. 3 Fig. 1; (b) and (c) lower leg impedance changes between the optimum electrode pair (2, 5) and the second worst one (1-4). Table 1 Values of impedance changes, correlation coefficients, three SNRs, and scores of 12 electrode pairs for the ankle movement.
Knee Movements
It should be noted that the impedances of the electrode pair (6, 10) changed to the positive direction when the knee moved from extension to flexion. This increase is thought to be due to the increased cross-sectional area of the biceps femoris and the quadriceps resulting from their elongated length.
For knee movement, the electrode pair (6-10) was determined to be optimal because it had the lowest score of 15 in Table 2 . This pair was the fourth best in terms of correlation coefficient (0.94), and SNR I16.7), the sixth best for SNR II (19.5) and the best for SNR III (24.4). The electrode pair (5-7) had the second lowest score of 18. Of the three kinds of interference, the influence of ankle movement on the knee impedance (Interference I) was the largest for the measurement of knee movement because it's SNR (SNR I) was the lowest in general. Figure 4 shows the relationship between the knee joint angle and knee impedance change measured using the optimal electrode pair (6-10) during 20-repeated knee extensions and flexions for 40 seconds. The correlation coefficient between the knee angle and the knee impedance of the subject was 0.95. The reproducibility of knee impedance was 5.1 ± 1.7% using the optimal electrode pair (6-10). Fig. 1; (b) and (c) knee impedance changes between the optimal electrode pair (6-10) and the seventh best one (6) (7) (8) . Table 2 Values of impedance changes, correlation coefficients, three SNRs, and scores of 32 electrode pairs for the knee movement. Table 3 shows the correlation coefficients, SNR I-III, and the scores of ten subjects. For hip movement, the electrode pair (10-14) was determined to be optimal because it had the lowest score of 10. The correlation coefficient between the hip angle and the hip impedance of the subject was 0.984 (regression equation: y = 0.000x 2 + 0.076x + 21.27). The reproducibility of hip impedance was 6.1 ± 2.1% using the optimal electrode pair (10) (11) (12) (13) (14) .
Hip Movements
The proposed method has two main limitations. One is that absolute impedance values and their changes differ between individuals. However, this shortcoming is also applicable to the other bio-signal measurements, such as EMG, and can be resolved by obtaining one-time calibration Table 3 Values of impedance changes, correlation coefficients, three SNRs, and scores of 16 electrode pairs for the hip movement. Fig. 4 Relationship between knee joint angle and knee impedance change measured using the optimum electrode pair (6-10) in Fig. 1 for a subject; y = 0.0005x 2 + 0.041x + 24.83; correlation coefficient = 0.95. curves of joint angles and impedances for ankle, knee, and hip extension and flexions of each subject. The other limitation is that it can not directly recognize multi-joint movements without signal processing. Impedance measurement does not require high computational power, and correlation coefficients are much higher than those obtained by EMG. Moreover, this method has few constraints on motion and workspace, unlike goniometry or the video motion analyzer. Therefore, the optimal electrode configurations determined in this study could be helpful for gait analysis. Moreover, as the impedance method provides us with joint angle and EMG with force, it could be a powerful tool for future biodynamics study if these two methods were combined. The optimal electrode configurations of the ankle, knee, and hip movements were the electrode pair (2-5), (6) (7) (8) (9) (10) , and (10-14), respectively.
From such features of the leg impedance, it has been made clear that different movement patterns exhibit different impedance patterns and impedance level.
